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ABSTRACT 
 
ADAM CHEELY: Regulation and functional impact of lipopolysaccharide induced Nod2 
gene expression in the murine epididymal epithelial cell line PC1 
(Under the direction of Albert Baldwin, Christian Jobin, Ryan Balfour Sartor, Lillie Searles 
and Jeff Dangl) 
 
 
In this study we investigated the regulation and function of Nod2 in the immortalized 
epididymal epithelial cell line PC1 (proximal caput 1) following lipopolysaccharide (LPS) 
stimulation. PC1 cells constitutively expressed Toll-like receptor 4, MD-2, CD-14 but not 
Nod2 messenger RNA. Lipopolysaccharide rapidly induced IκB phosphorylation and 
degradation, RelA nuclear translocation and phosphorylation, which correlated with 
enhanced transcriptional activity. The LPS and lipid A rapidly induced Nod2 messenger 
RNA accumulation in a dose-dependent manner. RelA and RNApolII recruitment to the 
Nod2 gene promoter was enhanced in LPS-stimulated PC1 cells. Molecular blockade of 
nuclear factor-κB signaling with adenovirus 5 (Ad5) IκBAA or adenovirus 5 dominant-
negative (Ad5dn) IKKβ prevented LPS-induced Nod2 gene expression. Nod2 upregulation 
enhanced muramyl dipeptide (MDP) -induced tumor necrosis factor messenger RNA 
accumulation. We conclude that epididymal epithelial cells mount an innate response 
following LPS exposure which leads to upregulation of Nod2 and enhanced responsiveness 
to the microbial product MDP. 
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CHAPTER 1 
INTRODUCTION 
 
 The evolution of a species is dictated by those members which are able to 
successfully reproduce and pass on their genetic material.  In this regard a healthy germline is 
of key importance to the survival of any sexually reproducing organism.  Thus, it is vital that 
germ cells have an environment conducive to their proper growth and development.  
Spermatozoa that leave the testis are immature and lack forward mobility and fertilizing 
ability 1. From the efferent ductules spermatozoa slowly transit through the epididymis which 
will provide the environment critical to proper maturation, storage and transport. During their 
transit in the epididymis a wide variety of proteins secreted by the epithelial cells are added 
to the sperm membrane by a process called “sperm maturation”, which results in acquisition 
of forward motility and the ability to undergo capacitation, two major factors in male fertility 
2.  The epithelia of this organ are responsible for maintaining this environment and protecting 
the spermatozoa thereby producing viable gametes 3.  The epithelia accomplish this through 
various secretory and resorptive activities ensuring sperm receives nutrients, extra testicular 
fluid is absorbed, old sperm is phagocytized, and mucus and defensins are secreted providing 
protection against invading pathogens 1. 
Epididymitis represents a serious clinical condition and is characterized by 
inflammation and obstruction of sperm movement, resulting from the retrograde extension of 
 
 microorganisms from the vas deferens 4,5. If left untreated, the infection could lead to the 
formation of epididymal and testicular abscesses 3. The incidence of epididymitis is 
approximately 600,000 cases per year in the United States, with the highest prevalence 
observed in young men 19 to 35 years of age 6,7.  The infection can be due to sexually 
transmitted pathogens such as Chlamydia, Neisseria gonorrohoea and common pathogenic 
bacteria such as E. coli 4,6.  
A number of pattern recognition receptors including toll-like receptors (TLR) and 
nucleotide-binding oligomerization domain (NOD) play a pivotal role in mediating innate 
host response to various infectious microorganisms. For example, cell surface TLR4 
recognizes lipopolysaccharide (LPS), whereas intracellular Nod2 (CARD15) recognizes 
peptidoglycan-derived muramyl dipeptide (MDP), a component of gram-positive and gram-
negative bacterial cell walls8-10.  Thus Nod2 functions as a general sensor of most, if not all, 
bacteria whereas TLR4 is selective toward gram-negative bacteria11. Interestingly, although 
initiation of proximal TLR4 and Nod2 signaling is quite distinct, both cascades ultimately 
activate the NF-κB transcriptional system.  Indeed, TLR4 and Nod2 signaling converge at 
receptor-interacting protein-2 (RIP-2) which then activates the IκB kinase (IKK) complex12.  
This enzyme complex phosphorylates the NF-κB inhibitor IκB on serine residues 32 and 36 
causing its ubiquitination and degradation. Elimination of IκB liberates NF-B from its 
inhibitory effect and permits the nuclear translocation of the transcription factor, binding to 
κB-promoter elements and induction of gene transcription13. Genes that are targeted by NF-
 κB include those encoding cytokines, chemokines, adhesion molecules, acute phase proteins 
and antimicrobial peptides. The epithelial host response to colonization and/or infection of 
microorganisms has been extensively studied in organ systems such as the digestive, 
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 respiratory and female reproductive tracts 14-16. However, very little information is available 
about the innate host response and the mechanisms of signal transduction in the male 
reproductive tract17-19. Further, the presence of NOD proteins and their role in the male 
reproductive tract is unknown. It is possible that this system may have a unique immune 
signaling mechanism that differs from other organ systems. In this study, we showed that 
epididymal epithelial cells rapidly respond to LPS by inducing Nod2 gene expression 
through a NF-κB-dependent mechanism. Nod2-expressing cells become responsive to MDP 
and up-regulate the chemokine gene TNF.  The rapid Nod2 up-regulation in epididymal 
epithelial cells is likely part of a complex innate host response aimed at protecting the male 
reproductive tract from the deleterious impact of bacteria. 
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CHAPTER 2 
MATERIALS AND METHODS 
 
Cell culture and treatment of PC1 cells. 
The immortalized murine epididymal epithelial cells, PC1 (a gift from Dr. Susan 
Hall, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA) was used between 
passages 35 and 55 7.  Cells were grown to near confluency in six-well plates (Costar, 
Corning Incorporated, NY, USA) at 32° C in Iscove modified Dulbecco medium (IMDM; 
Life Technologies, Grand Island, NY) supplemented with nonessential amino acids (0.1 mM, 
Life Technologies), sodium pyruvate (1 mM, Life Technologies), L-glutamine (4 mM, Life 
Technologies), 5α-dihydrotestosterone (1 nM Sigma), 10% fetal calf serum (FCS; Sigma), 
and antibiotics (penicillin G 50 U/mL and streptomycin 50 mg/mL, Life Technologies).  
Approximately 90% confluent monolayers of PC1 cells were stimulated for 1 h or pre-
stimulated with LPS (1 µg/ml; from E. coli 0111:B4, Sigma) followed by stimulation with 
MDP (10 µg/ml; Sigma).  All experiments were conducted in media containing 1% serum. 
Chromatin immunoprecipitation (ChIP) Analysis 
PC1 cells were  stimulated with LPS (1 µg/ml; from E. coli 0111:B4, Sigma) for 0, 
30, 60 and 120 minutes and ChIP assay was performed using a ChIP assay Kit (Upstate-Cell 
Signaling Solutions, Temecula, CA, USA) according to the manufacturer’s specification as 
 
 described previously20. Immunoprecipitation was carried out overnight with 2 µg p65 (c-20, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or RNA Polymerase II (c-21, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) antibodies. PCR was performed with total DNA (5 µl) 
and immunoprecipitated DNA (5 µl) using Nod2 promoter-specific primers: mNod2 
proximal promoter forward: 5´-ACGTTGCATGGGACTGACA-3´, mNod2 proximal 
promoter reverse: 5´-CCCCTCCTGATTTCCCTC-3´, mNod2 distal promoter forward: 5´-
ATGGATGGAATACTCACCCTCTA-3´ and mNod2 distal promoter reverse 5´-
GCGGATGAAATAACCCAATAC-3´. PCR was carried out in a volume of 50 µl containing 
final concentrations of  1X Taq buffer (Applied Biosystems, Foster City, CA, USA), 50 nM  
primers, 0.5 mM dNTPs, and 1 U of Thermo aquaticus polymerase (Applied Biosystems) 
using a 9700 Gene-Amp PCR system cycler (Applied Biosystems). The PCR temperatures 
used were 95°C for 30 sec (denaturating), 56°C for 60 sec (annealing), and 72°C for 1 min 
(polymerization) followed by an extension of 5 min at 72°C. The PCR products were 
subjected to electrophoresis on 2% agarose gels containing gel Star fluorescent dye 
(Cambrex BioScience Rockland, Rockland, ME, USA). Fluorescence staining was captured 
using an Alpha Imager 2000 (AlphaInnotech, San Leandro, CA, USA). 
RNA Extraction and RT-PCR Analysis 
RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA), reverse transcribed 
(1 µg RNA), and amplified using specific primers for mouse Nod2, TLR4, CD14, MD-2, 
TNFα and  GAPDH. mNod2 forward 5´-GCCCTACAGCTGGATTACAAC-3´; mNod2 
reverse:  5´-CGCCTGTGATGTGATTGTTC-3´. mTNFα forward: 5´-
ATGAGCACAGAAAGCATGATC3´; mTNFα reverse: 5´-
TACAGGCTTGTCACTCGAATT-3´;  GAPDH forward: 5´-
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 GGTGAAGGTCGGTGTGAACGGA-3´; GAPDH reverse: 5´-
GAGGGATCTCGCTCCTGGAAGA-3´. mCD14 forward: 5´-CGCGGATTCCTAGTCGG-
3´; mCD14 reverse: 5´-CGCAGGAAAAGTTGAGTGAGT-3´; mMD2 forward: 5´-
CTCCGATGCAATTATTTCCTAC-3´; mMD2 reverse: 5´-
TGGCACAGAACTTCCTTACG-3´; mTLR4 forward 5´-
ATTCAGAGCCGTTGGTGTATC-3´; mTLR4 reverse: 5´-
TTCGAGGCTTTTCCATCCAATAGG-3´. The PCR products (8 µl) were subjected to 
electrophoresis on 2% agarose gels containing GelStar fluorescent dye (Cambrex BioScience  
Rockland, Rockland, ME, USA) .  Fluorescence staining was captured using an Alpha 
Imager 2000 (Alpha Innotech, San Leandro, CA, USA).  The size of Nod2, TLR4, CD14, 
MD-2, TNFα and  GAPDH amplicons are 277bp, 242bp, 267bp, 207bp, 276bp, 240bp 
respectively. The amplicons were sequenced using the Taq dye-terminator chemistry method 
and the identity of each product confirmed by sequence alignment using NCBI BLAST. To 
precisely quantify the expression of TNFα and GAPDH real-time PCR was conducted with 
an Applied Biosystems 7900HT Fast Real-Time PCR System. For PCR 2 µl cDNA 
preparation, 150 nM final concentration of forward and reverse primers and 6 µl of 
QuantiTect SYBR Green PCR Master Mix (Qiagen, Valencia, CA, USA) in a total of 12 µl 
were applied. The following PCR-program was performed: 15min at 95 °C (initial 
denaturation); 20 °C/s temperature transition rate up to 95 °C for 30 s, 45 s at 56 °C, 45 s at 
72 °C, acquisition mode single, repeated 40 times (amplification). The PCR was evaluated by 
melting curve analysis following the manufacturer’s instructions and checking the PCR 
products on 1.8% agarose gels. 
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 Western Immunoblots 
PC1 cells were pretreated with the IκB-phosphorylation inhibitor BAY 11-7082 
(25µM) (Calbiochem, SanDiego, CA, USA) for 1h where indicated followed by stimulation 
with LPS (0,5 µg/ml; from E. coli 0111:B4, Sigma) at various time points or pre-stimulated 
with LPS for 16 h followed by MDP (Sigma) stimulation (10 µg/ml) for various time points 
or left untreated.  Cells were harvested and lysed in 1X Laemmli buffer, and the protein 
concentration was measured using Bio-Rad quantification assay (Bio-Rad Laboratories, 
Hercules, CA, USA).  Twenty micrograms of the protein extracts were subjected to 
electrophoresis on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to 
Hybond-C Extra nitrocellulose membranes (AmershamBiosciences, Piscataway, NJ, USA). 
Anti-phosphoserine IκBα (S32, Cell Signaling, Beverly, MA, USA), anti-IκB (C-21, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) and anti-β-actin (ICN, Costa Mesa, CA, USA) 
antibodies were used to detect immunoreactive phospho-IκBα, IκBα and β-actin 
respectively.  All antibodies were used at a 1:1,000 dilution in a solution containing 5% milk 
in TBS-T. Immunoreactive proteins were detected using the enhanced chemiluminescence 
light (ECL) detecting kit (Amersham Biosciences). 
 
Adenoviruses and cell infection  
PC1 cells were infected with the various adenoviral vectors (~ 2x108 Pfu/µl) in 
serum-reduced media (1%) at optimal multiplicity of infection for 12 h.  The adenovirus was 
washed off, fresh serum-reduced media was added and cells were stimulated where indicated. 
The various adenoviral vectors containing dominant negative molecules of the NF-κB 
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 pathway (Ad5IκBAA and Ad5dnIKKβ, MOI: 50) 21, a NF-κB luciferase reporter gene 
(Ad5NF-κB-LUC, MOI:10) 22 or green-fluorescent protein (Ad5GFP; negative control) 23 
were amplified and maintained as described previously  .  
Immunofluorescence 
Where indicated PC1 cells were infected for 12 h with Ad5dnIKKβ, stimulated with 
LPS (500ng/ml) for 1 h, and fixed with 100% ice-cold methanol for 10 minutes at 4°C 
immediately after stimulation.  Cells were blocked with 10% nonimmune goat serum (NGS; 
Sigma) for 30 minutes, then probed with rabbit anti-RelA antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) diluted 1:200 in 10% NGS in phosphate-buffered 
saline (PBS) for 30 minutes, followed by Tetramethyl Rhodamine Isothiocyanate (TRITC)-
conjugated goat anti-rabbit IgG antibody (Jackson ImmunoResearch, West Grove, PA, USA) 
diluted 1:100 in 10% NGS in phosphate-buffered saline for 30 minutes.  Slides were 
mounted in 50% glycerol in deionized water before microscopic analysis.  RelA nuclear 
staining was imaged using an Olympus IMT2 Microscope (Olympus, Melville, NY, USA) 
fitted with a rhodamine specific filter. Images were captured using a digital Optronics DEI 
750 camera (Optronics,  Goleta, CA, USA) and processed with  Scion Image software (Scion 
Corporation,  Frederick, Maryland, USA).  Identical exposure times were used for each data 
point within an individual experiment. Original magnification set at 400x. 
NF-κB-luciferase reporter assay 
PC1 cells were infected for 16 h with an adenoviral vector encoding a NF-κB-
luciferase reporter gene (Ad5NF-κB-LUC) as previously described23.  Cell extracts were 
prepared using luciferase cell lysis buffer (PharMingen, San Diego, CA, USA).  Luciferase 
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 assays were performed using an Lmax luminometer microplate reader (Molecular Devices, 
Sunnyvale, CA, USA), and results were normalized for protein extract concentrations 
measured with the Bio-Rad protein assay kit. 
 
Preparation of bacterial lysate 
Briefly, Escherichia coli (UNC mouse strain) or Neisseria gonorrhoeae (serovar B, 
FA 1090) were cultured in liquid Luria Bertani (LB) and Thayer-Martin (TM) medium 
respectively for 18-24 h until media was cloudy.  Cultures were pelleted by centrifugation.  
After centrifugation the pellet was washed twice with sterile 1X PBS.  The pellet was then 
resuspended in 1-2 ml 1X sterile PBS and 250 µl MD solution (0.1 M MgCl2 and 100 µg/ml 
DNAse in sterile water).  After addition of MD solution, 1 ml of this bacterial suspension 
was added to 1 ml of 0.1 mm glass beads and cells were disrupted at 5,000 revolutions per 
minute in a Mini-Bead Beater (BioSpec Products, Bartlesville, OK, USA) for 3 min and then 
iced. The glass beads and unlysed cells were removed by centrifuging at 5,000 g for 5 min. 
The lysates were filter sterilized by a 0.2 micron syringe filter. The protein concentration was 
measured with the Bio-Rad protein assay kit. 
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CHAPTER 3 
Results 
 
 The SV40 immortalized epididymal epithelial cell line PC1, derived from the 
proximal caput region of the epididymis was utilized to investigate the expression pattern of 
the innate receptors CD14, MD-2, TLR4 and Nod2. As seen in Fig.1, PC1 cells constitutively 
expressed CD-14, MD-2 and TLR4 mRNA, whereas Nod2 is minimally expressed at steady-
state conditions.  Because the NF-κB transcriptional system is a well-characterized down-
stream effect target of TLR4 signaling, we next investigated the functional impact of 
TLR4/MD2 expression in PC1 cells by studying LPS-induced NF-κB signaling24.  
Epididymal cells were treated with LPS (0.5µg/ml) for various time points and IκB 
phosphorylation/degradation analyzed by western blot using specific antibodies.  As seen in 
Fig. 2A, LPS induced IκBα phosphorylation (at 10 and 30 min) with concomitant protein 
degradation (left panel) in PC1 cells. The IκB-phosphorylation inhibitor Bay 11-7082 
(25µM) strongly reduced LPS-induced IκB-phosphorylation and degradation in PC1 cells 
(Fig.2A right panel). LPS-induced IκB degradation was followed by RelA nuclear 
translocation as assayed by immunofluorescence staining (Fig.2B).  Importantly, adenoviral 
delivery of a dominant negative IκBkinaseβ (Ad5dnIKKβ abrogates LPS-induced RelA 
nuclear translocation in PC1 cells.  To further demonstrate the functional impact of LPS 
induced NF-κB signaling, PC1 cells were infected with an adenoviral vector encoding an NF-
 
 κB-luciferase reporter gene (Ad5NF-κB-LUC) alone or with Ad5IκBαAA to selectively 
block NF-κB activation. As shown in Fig. 2C, LPS-induced NF-κB transcriptional activity 
by more than 4-fold, which was significantly inhibited in Ad5IκBαAA-infected cells.  These 
findings indicate that epididymal cells respond to LPS stimulation by inducing the NF-κB 
signaling pathway. 
Previous reports showed that Nod2 is induced in intestinal epithelial cells following 
TNF/IFNγ stimulation25. We next tested whether LPS induced Nod2 expression in PC1 cells, 
a process that could enhance innate host response to microbial products.  PC1 cells were 
stimulated with various amounts of LPS and Nod2 expression determined by RT-PCR.  
Interestingly, Nod2 mRNA accumulation is induced with LPS concentration as low as 0.1 
and peaked at 1ng/ml (Fig. 3A).  In addition, similar amounts of lipid A triggered Nod2 
mRNA accumulation, showing that the LPS effect is not a result of cross contamination of 
endotoxin in the preparation (Fig. 3A). LPS-induced Nod2 mRNA expression was time 
dependent with a peak of expression between 2-3h (Fig. 3B).  We next tested whether 
bacteria known to cause epididymitis (Neisseria gonorrhoeae and Escherichia coli) are able 
to trigger Nod2 expression. Interestingly bacterial lysates from both Neisseria gonorrhoeae 
and Escherichia coli induced Nod2 mRNA expression similar to that of LPS in epithelial 
cells (Fig.4).  These findings showed that epithelial cells induce Nod2 expression in response 
to microbial products.  
 The human Nod2 promoter region has been previously characterized and shown to 
possess three NF-κB binding sites 25.  As opposed to the human promoter, little is known 
about the cis acting elements present in the murine Nod2 gene promoter. Bioinformatic 
analysis using TESS (transcription element search software) revealed two potential NF-κB 
11 
 binding sites in the murine Nod2 promoter region at position –191 and –1307 relative to the 
first ATG before the exon start. To study the functional relevance of these sites, we 
performed ChIP assays on LPS-stimulated PC1 cells using RelA and RNA polymerase II 
antibodies. Interestingly, RelA was recruited to both binding sites with more pronounced 
recruitment to the proximal promoter region (Fig.5). Additionally, RNApolII was recruited to 
the proximal but not distal site following LPS stimulation. These findings demonstrate an 
association between LPS-induced NF-κB recruitment to the Nod2 gene promoter and 
enhanced mRNA accumulation.  
To investigate the functional role of NF-κB in LPS-induced Nod2 expression, we 
utilized the molecular inhibitor Ad5IκBAA (super-repressor). LPS-induced Nod2 mRNA 
expression was blocked in Ad5IκBAA-infected epididymal epithelial cells (Fig. 6).  We next 
tested the functional consequence of LPS-induced Nod2 expression in PC1 cells.  Cells were 
stimulated with LPS for 16 h and then infected with Ad5NF-κB-LUC for 8h followed by 
MDP stimulation. Interestingly, while MDP alone failed to induce NF-κB-dependent 
luciferase activity, pretreatment with LPS significantly enhanced MDP-induced 
transcriptional activity due to up-regulation of Nod2 (Fig.7).  To validate this observation, we 
investigated the expression pattern of the NF-κB-dependent proinflammatory cytokine TNF. 
As seen in Fig.8A, MDP-induced TNF mRNA accumulation is enhanced in cells pretreated 
with LPS. Altogether, these findings suggest that epididymal epithelial cells might utilize 
TLR4 and Nod2 signaling pathway to mount an innate response following bacterial infection. 
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CHAPTER 4 
Discussion 
 
 While various aspects of the innate immune response to bacterial invasion of 
epithelial cells lining the lungs and digestive tract are fairly well characterized, the molecular 
response of epididymal epithelial cells to bacterial infections remains poorly characterized26-
28. In this study, we showed that epididymal epithelial cells possess a functional TLR4/NF-
κB signaling machinery and rapidly detect bacterial products leading to the production of the 
pro-inflammatory cytokine TNF and induction of the intracellular pattern recognition 
receptor Nod2.  Additionally we showed that newly synthesized Nod2 renders epididymal 
epithelial cells responsive to MDP with subsequent induction of TNF mRNA.  Therefore, 
experiments with the epididymal cell line suggest that LPS detection by TLR4 and up-
regulation of Nod2 may be part of an effective innate host response aimed at preserving the 
male reproductive tract against bacterial infection/colonization. The presence of innate 
immune machinery as demonstrated earlier lends support to the fact that the immune 
mechanisms observed in this study may also be operating in the organ system as well 26-28. 
However, further in vivo studies will have to be conducted to confirm the physiological 
impact of our findings. 
Bacterial load differs significantly in different organ systems of the body which likely 
shapes the nature of immune response. For example, intestinal epithelial cells are in physical 
 
 proximity to luminal microorganisms and must refrain from constant bacterial stimulation 
from the microbiota 17,29,30.  A sophisticated regulatory system exists in these cells to prevent 
uncontrolled response to ubiquitous luminal bacteria including low TLR and Nod2 
expression, differential apical and basolateral receptor distribution and elevated expression of 
negative regulators such as TOLLIP and SIGIRR31-33. However, the bacterial load in the 
male reproductive tract is negligible and sudden bacterial exposure must be rapidly cleared as 
prolonged bacterial infection could have a deleterious impact on the host. Interestingly, 
numerous TLR proteins are detected in the male reproductive tract of mice including TLR2 
and TLR417,29,30. Similarly, the expression of lipopolysaccharide-binding protein (LBP), an 
acute phase protein known to play a central role in defense against gram-negative bacteria 
was demonstrated in the human epididymis 34. Further, CD-14, a 54 kD glycolipid-anchored 
membrane glycoprotein expressed on myeloid cells, which functions as a member of the 
lipopolysaccharide (LPS) receptor complex, was demonstrated in the seminal plasma and 
also on the sperm membranes, suggesting the presence of a potentially functional innate 
response machinery in the epididymis 35.  Similarly, we showed that epididymal epithelial 
cells constitutively expressed TLR4, CD14 and MD-2 and further extended these 
observations by showing functional impact of these proteins. Indeed, we demonstrated that 
LPS induced IκB-phosphorylation/degradation, RelA nuclear translocation, NF-κB 
transcriptional activity and TNF mRNA accumulation in epididymal epithelial cells.  These 
findings clearly established the functionality of the TLR4/NF-κB signalling cascade in these 
cells.  
The male reproductive tract is a relatively sterile environment and bacterial infection 
could impair fertility by interfering with the development of spermatozoa 1,36.  Bacterial 
14 
 detection by epididymal epithelial cells through TLR/NF-κB signaling likely helps maintain 
and preserve a functional reproductive tract.  Another important finding reported here is the 
rapid and robust up-regulation of the intracellular receptor Nod2 gene following LPS 
exposure. Nod2 is an important intracellular receptor sensing microbial components derived 
from bacterial peptidoglycan11,12. Because lipid A, the structure responsible for the initiation 
of LPS-mediated cell activation, increased Nod2 expression this argues against the presence 
of an LPS contaminant36-38.  Of interest, bacterial lysates derived from E.coli and 
N.gonorrhoeae, two bacteria commonly associated with epididymitis, also increased Nod2 
mRNA expression in epididymal epithelial cells. Importantly, the synthetic Nod2 ligand 
MDP significantly increased NF-κB transcriptional activity leading to TNF mRNA 
accumulation in epididymal epithelial cells pretreated with LPS.  This shows that Nod2 up-
regulation is biologically functional and renders epithelial cells responsive to MDP 
challenge. Therefore, the combined presence of TLR4 signaling machinery which initially 
detect bacteria and the up-regulation of Nod2 might enhance the ability of epididymal 
epithelial cells to combat and eliminate invading bacteria.  Nod2 expression has been shown 
to negatively impact on intracellular bacterial survival in epithelial and monocytic cells 
39,40,41.  Although we observed a reduced survival rate of the invasive E. coli  in Nod2 
expressing PC1 cells over control cells, these differences did not reach statistical significance 
(data not shown). Nevertheless, because multiple bacteria species could potentially invade 
epididymal epithelial cells, a general bacterial sensor such as Nod2 might provide an 
effective surveillance mechanism.  
Previous reports have demonstrated the key role of NF-κB in controlling Nod2 gene 
expression 8,12,25,42.  However, a paucity of information exists on the molecular mechanism 
15 
 controlling murine Nod2 gene expression. We showed that NF-κB plays a critical role in 
controlling LPS-induced Nod2 gene expression. ChIP assay showed that RelA binds to two 
NF-κB consensus sites (-1307 and –191) identified by bioinformatics. Additionally, 
RNApolII located in the proximal –191 site of Nod2 suggests a transcriptionally active gene.  
Moreover, molecular blockage using Ad5IκBAA totally prevented LPS-induced Nod2 gene 
expression.  Altogether, these findings demonstrate that expression of the murine Nod2 gene 
is regulated by the transcription factor NF-κB in epididymal epithelial cells. Interestingly, 
three NF-κB binding sites were identified in the human Nod2 gene and colonic epithelial 
cells were shown to have increased Nod2 expression following stimulation with TNF and 
IFN 25.  However, Nod2 up-regulation by cytokine stimulation requires a long stimulation 
period (>12h) in IEC whereas  LPS rapidly triggers Nod2 mRNA accumulation (2h) in 
epididymal epithelial cells 25,43.  The differential kinetics of Nod2 induction may reflect the 
particular microenvironment where these cells evolved.  IECs are constantly exposed to high 
concentration of luminal microorganisms whereas epididymal epithelial cells evolved in a 
virtually sterile environment29,30.  A swift and robust innate response of epididymal epithelial 
cells to bacterial colonization is necessary to preserve the biological integrity of the male 
reproductive tract. Thus it seems logical that natural selection would drive the evolution of 
such a potent protective immune response.   
In summary we demonstrated the presence of a functional TLR4/NF-κB-signaling 
machinery in epididymal epithelial cells. Furthermore Nod2 up-regulation following LPS 
stimulation renders epithelial cells responsive to MDP challenge and causes a significant 
increase of TNF expression.  Epididymal epithelial cells likely utilize TLR4 and Nod2 
signaling to prevent/limit damage to the male reproductive tract caused by bacterial infection. 
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 APPENDIX: 
 
Figures and Figure Legends 
FIGURE 1: 
 
Figure 1: PC1 cells constitutively express TLR 4, CD14 and MD-2  
PC1 cells were lysed in trizol, and total RNA was extracted, reverse-transcribed (1µg), and 
amplified by PCR using specific murine TLR 4, CD14, MD-2 and Nod2 primers for 
constitutive expression.  For induction of Nod2 mRNA expression PC1 cells were stimulated 
for 3h with 0,5 µg/ml LPS or PBS, vehicle control (-c). The housekeeping gene GAPDH was 
utilized to ascertain similar loading. Results are representative of 3 independent experiments. 
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 FIGURE 2: 
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Figure 2: LPS-induced NF-κB signalling in PC1 cells. 
(A) LPS-induced IκB degradation in PC1 cells.  Cells were pretreated for 1h with DMSO 
(left panel, vehicle control) or 25µM Bay 11-7082 (right panel) and then stimulated with LPS 
(500ng/ml) for the indicated time points.  Total protein was extracted and 20 µg was 
subjected to SDS-PAGE followed by immunoblotting with phospho-IκB-α (Ser 32), IκB-α, 
and -actin specific antibodies. (B) LPS-induced RelA translocation in PC1 cells. Cells were 
infected with Ad5dnIKKβ (MOI: 50) to selectively block NF-κB signalling or with 
Ad5EGFP control virus (MOI: 50), for 12h. Cells were then stimulated with LPS (500ng/ml) 
for 1 h and RelA localization was visualized using anti-RelA primary antibody followed by 
TRITC labelled detecting antibody. (C) LPS-induced NF-κB-transcriptional activity in PC1 
cells. Cells were infected for 12h with the reporter Ad5NF-κB-LUC adenoviral vector (MOI: 
10) and where indicated co-infected with Ad5IκBAA (MOI: 50) for an additional 12h to 
block the κB-luciferase activity. Cells were then stimulated with LPS (500ng/ml) and 
luciferase activity measured after 16h using an Lmax microplate reader. Results were 
normalized for extract protein concentrations (*p<0.05 unpaired student’s t-test).  
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 FIGURE 3: 
 
 
 
Figure 3.: LPS time and dose dependently induced Nod2 mRNA expression in PC1 
cells. 
(A) PC1 cells were stimulated with different concentrations of LPS and lipid A for 3h, or a 
less than 0,5% working concentration in culture media of a chloroform:methanol:water 
(74:23:3) mixture, lipid A vehicle (-c). PC1 cells were also separately stimulated with LPS 
(500ng/ml) for the indicated time points, or PBS, LPS vehicle (-c). (B) Cells were lysed in 
trizol and total RNA was extracted, reverse-transcribed (1µg), and amplified by PCR using 
specific murine Nod2 primers.  The housekeeping gene GAPDH was utilized to ascertain 
similar loading. Results are representative of three independent experiments. 
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 FIGURE 4:
 
Figure 4.: Lysates from pathogenic bacteria N. gonorrhoeae and E. coli induce Nod2 
mRNA expression in PC1 cells. 
PC1 cells were stimulated for 3h with different concentrations of LPS or bacterial lysates 
from gram-negative bacteria, N. gonorrhoeae (serovar B, FA 1090) or E. Coli (UNC mouse 
strain) or PBS, LPS vehicle control (-c). Cells were lysed in Trizol, total RNA was extracted, 
reverse-transcribed (1µg), and amplified by PCR using specific murine Nod2 primers.  The 
housekeeping gene GAPDH was utilized to ascertain similar loading. Results are 
representative of three independent experiments. 
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 FIGURE 5:
 
Figure 5.: LPS-induced RelA and RNA Polymerase II recruitment to NF-κB binding 
sites present in the Nod2 gene promoter. 
PC1 cells were stimulated with LPS (1 µg/ml) for the indicated time points and ChIP assays 
preformed using anti-RelA or anti-RNA polymerase II antibodies as described in Materials 
and Methods. PCR was performed using primers specific for the NF-κB consensus sites 
within the Nod2 gene promoter (locations of the newly described NF-κB binding sites is 
shown). The input control shows the result of target sequences amplified from the total pool 
of whole cell DNA before immunoprecipitation. Data are representative of three independent 
experiments. 
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 FIGURE 6:
 
Figure 6.: LPS-induced Nod2 mRNA accumulation is dependent on NF-κB pathway.  
PC1 cells were infected with Ad5IκBAA (MOI: 50) where indicated for 12h to selectively 
block NF-κB signalling and cells were then stimulated with different concentrations of LPS 
for 3h. Cells were lysed in trizol, total RNA was extracted, reverse-transcribed (1µg), and 
amplified by PCR using specific murine Nod2 primers.  The housekeeping gene GAPDH 
was utilized to ascertain similar loading. Results are representative of three independent 
experiments. 
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 FIGURE 7: 
 
Figure 7: Enhanced NF-κB signalling in LPS pre-treated PC1 cells.  
PC1 cells were infected for 12h with Ad5NF-κB-LUC adenoviral vector encoding a NF-κB-
luciferase reporter (MOI: 10) for 12h. Cells were prestimulated with LPS (1µg/ml) for 16h 
followed by stimulation with MDP (10µg/ml) for another 16h. Cells were lysed and 
luciferase activity was measured using an Lmax microplate reader and results were 
normalized for extract protein concentrations (* p<0.05 unpaired student´s t-test). 
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 FIGURE 8: 
 
Figure 8: Enhanced Nod2 expression increased MDP-induced TNF mRNA 
accumulation. 
PC1 cells were pre-stimulated with LPS (1µg/ml) for 16 h after which cells were washed and 
fresh media containing MDP (10µg/ml) was added for the indicated time points. Cells were 
lysed in trizol, total RNA was extracted, reverse-transcribed (1µg), and amplified by PCR 
(A) or real-time PCR (B) using specific murine TNF primers.  The housekeeping gene 
GAPDH was utilized to ascertain similar loading (A) or fold induction of TNF mRNA 
expression relative to fold induction of GAPDH mRNA (B). Results are representative of 
three independent experiments (* p<0.05 unpaired student´s t-test). 
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